Insulin stimulates the tyrosine kinase activity of its receptor resulting in the tyrosine phosphorylation of pp185, which contains insulin receptor substrates IRS-1 and IRS-2. These early steps in insulin action are essential for the metabolic effects of insulin. Feeding animals a high-fructose diet results in insulin resistance. However, the exact molecular mechanism underlying this effect is unknown. In the present study, we determined the levels and phosphorylation status of the insulin receptor and pp185 (IRS-1/2) in liver and muscle of rats submitted to a high-fructose diet evaluated by immunoblotting with specific antibodies. Feeding fructose (28 days) induced a discrete insulin resistance, as demonstrated by the insulin tolerance test. Plasma glucose and serum insulin and cholesterol levels of the two groups of rats, fructose-fed and control, were similar, whereas plasma triacylglycerol concentration was significantly increased in the rats submitted to the fructose diet (P<0.05). There were no changes in insulin receptor concentration in the liver or muscle of either group. However, insulin-stimulated receptor autophosphorylation was reduced to 72 ± 4% (P<0.05) in the liver of high-fructose rats. The IRS-1 protein levels were similar in both liver and muscle of the two groups of rats. In contrast, there was a significant decrease in insulin-induced pp185 (IRS-1/2) phosphorylation, to 83 ± 5% (P<0.05) in liver and to 77 ± 4% (P<0.05) in muscle of the high-fructose rats. These data suggest that changes in the early steps of insulin signal transduction may have an important role in the insulin resistance induced by high-fructose feeding.
Insulin secretion tightly regulates glucose homeostasis by stimulating the peripheral use of glucose and inhibiting hepatic glucose output. The insulin receptor ß-subunit, which contains an intrinsic tyrosine kinase, undergoes tyrosyl autophosphorylation and is activated in response to insulin binding to the extracellular a-subunit (1) . Subsequent steps in the insulin signal transduction are mediated via phosphorylation of specific intracellular proteins. Using antiphosphotyrosine antibodies an insulin-stimulated phospho-protein called pp185 was identified in many cells and tissues (2) . One component of pp185, designated insulin receptor substrate 1 (IRS-1), was purified and its cDNA from several sources cloned (3) . More recently another constituent of pp185 termed IRS-2 was also purified and its cDNA sequence determined (4) . The tyrosine phosphorylated pp185 (IRS-1 and IRS-2) binds to various effector molecules including the regulatory subunit of phosphoinositol (PI) 3-kinase via src homology 2 domains (1). Recruitment of the catalytic subunit results in activation of PI 3-kinase, which is necessary for insulin action on glucose transport, glycogen synthesis, protein synthesis, anti-lipolysis, and suppression of hepatic gluconeogenesis by regulation of phosphoenolpyruvate carboxykinase (PEPCK) gene expression (5) .
Impairment of insulin action (insulin resistance) is involved in many diseases such as non-insulin-dependent diabetes mellitus, obesity, hypertension, and cardiovascular disease (6) . High-fructose rats are considered to be an animal model of insulin resistance associated with hyperinsulinemia, hypertriglyceridemia (7, 8) and hypertension (9) . Although it has been shown that a highfructose diet alters the activity of several enzymes regulating hepatic carbohydrate metabolism, leading to hepatic insulin resistance (10, 11) , the mechanisms by which excess fructose produces these effects are unknown. The role of the phosphorylation of insulin receptors and pp185 in vivo has not yet been examined in insulin resistance induced by a high-fructose diet. In the present study, we investigated the levels and phosphorylation status of the insulin receptor and pp185 in the liver and muscle of Wistar rats submitted to a high-fructose diet.
Male Wistar-Hannover rats 5 weeks old and weighing approximately 120 g were randomly divided into two diet groups (control and high-fructose) for 28 days. The control diet was standard rodent chow (NuvilabNuvital, Curitiba, PR, Brazil) containing (% calories) 64% vegetable starch, 9.5% fat as vegetable oil, and 26.5% animal protein (beef and fish flours). The high-fructose diet contained (% calories) 66% fructose, 12% fat as vegetable oil, and 22% animal protein (casein). The mineral and vitamin mix used in the experimental diet met the criteria specified by the American Institute of Nutrition -AIN93 (12) . The rats were maintained under standard conditions (20-22 o C and a 12-h light/dark cycle) with free access to food and tap water, and were weighed weekly in order to record their body weight gain.
For characterization of this animal model, after a 6-h fast, the fructose-and standard chow-fed rats were anesthetized with sodium thiopental (80 mg/kg body weight, ip) and blood samples were collected by cardiac puncture. After centrifugation, the serum was utilized for the determination of triacylglycerol and cholesterol concentration by the enzymatic method using Labtest Diagnostica kits (Lagoa Santa, MG, Brazil), and of insulin concentration by double-antibody radioimmunoassay using a specific rat kit from Diagnostic Products Corp. (Los Angeles, CA, USA). The effect of fructose feeding on the ability of insulin to stimulate glucose disposal was estimated by the intravenous insulin tolerance test. After a 14-h fast, the animals were anesthetized with sodium thiopental (80 mg/kg body weight) and tail blood samples were drawn before, and at 0 (basal), 4, 8, 12 , and 16 min after insulin injection (60 µg) for the determination of glucose levels using an enzymatic method and a Labtest Diagnostica kit. The rate constant for plasma glucose disappearance (Kitt) was calculated using the formula 0.693/t 1/2 . The plasma glucose t 1/2 was calculated by the slope of the least square analysis of the plasma glucose concentration during the linear decay phase (13) .
At the end of the 4-week diet period, the rats were anesthetized with sodium thiopental (80 mg/kg body weight, ip) and used in the experiments as soon as the loss of foot and corneal reflexes were assured. The abdominal cavity was opened, the portal vein exposed, and 60 µg insulin was injected. Within 30 s, the liver was removed, minced coarsely and immediately homogenized in 10 volumes of solubilization buffer A, pH 7.4 (1% sodium dodecyl sulfate (SDS), 100 mmol/l tris[hydroxymethyl]aminomethane (Tris), pH 7.4, 10 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l ethylenediaminetetraacetic acid, and 10 mmol/l sodium vanadate) in a water bath maintained at 100 o C, using a polytron PTA 20S generator (model PT 10/35, Brinkmann Instruments, Westbury, NY, USA) operated at maximum speed for 20 s. The homogenate was boiled for 10 min and then cooled in an ice bath for 40 min. Approximately 90 s after insulin injection, hindlimb muscle samples were excised and homogenized as described above. The tissue extracts were centrifuged at 16,000 g at 4 o C for 20 min, and the supernatant was used as the sample. In some experiments, the tissues were extracted at 4 o C with homogenization buffer B (same as buffer A except that 1% Triton X-100 replaced 1% SDS and 2 mmol phenylmethylsulfonyl fluoride and 0.1 mg/ml aprotinin was added) and the supernatant was used for immunoprecipitation with anti-insulin receptor antibody and protein A-Sepharose 6 MB. The samples were treated with Laemmli buffer containing 100 mmol/l dithiothreitol and heated in a boiling water bath for 4 min. For total extracts, aliquots of samples containing 200 µg of protein were submitted to 6% SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Electrotransfer of proteins from the gel to the nitrocellulose membrane was performed for 90 min at 120 V (constant) in a BioRad miniature transfer apparatus (Mini-Protean). The nonspecific protein binding was reduced by preincubating the filter for 2 h at 22 o C in blocking buffer, pH 7.4 (5% nonfat dry milk, 10 mmol/l Tris, 150 mmol/l NaCl, and 0.02% Tween 20 Experiments were always performed by analyzing samples from the fructose-fed rats parallel to the control group. Different groups of rats were used for tissue sampling and for the biochemical assays. The unpaired Student t-test was used for comparisons and the significance level was P<0.05.
At the end of the 4-week experimental period there were no significant differences between control and fructose-fed rats in total body weight, or in the basal serum glucose, cholesterol and insulin concentration. However, the serum triacylglycerol concentration was significantly higher in the group eating fructose than in the control (fructose: 219 ± 31 vs control: 128 ± 9 mg/dl). In order to demonstrate that the fructose-fed rats were insulin resistant, the animals from both groups were submitted to an insulin tolerance test. The glucose disappearance rate (Kitt) during this test was significantly lower in fructosefed than in control rats, thus demonstrating a moderate state of insulin resistance (Table  1) .
Insulin receptor and IRS-1 protein levels (Figure 1a and b) did not change in the liver of fructose-fed rats compared to controls, as determined by immunoblotting with anti-IR and anti-IRS-1 antibodies. However, after stimulation with insulin, in samples previously immunoprecipitated with anti-IR antibody and immunoblotted with antiphosphotyrosine antibody there was a clear decrease in insulin-stimulated receptor autophosphorylation to 72 ± 4% in fructose-fed animals compared to controls (P<0.05; Figure 1c) . In anti-phosphotyrosine blots of whole tissue extracts, a broad protein band migrating between 165 and 185 kDa was detectable after insulin stimulation (Figure 1d ). This band is known as pp185 and contains IRS-1 and IRS-2 (4). The phosphorylation of pp185 in the fructose-fed group was reduced to 83 ± 5% (P<0.05) compared to control. As observed for the liver, the fructose diet produced no change in insulin receptor or IRS-1 protein levels in rat skeletal muscle ( Figure  2a and b) . In contrast to the results observed in the liver, following stimulation with insulin, phosphorylation of the insulin receptor did not change in the fructose-fed rats compared to control (Figure 2c ). However, there was a decrease to 76 ± 5% (P<0.05) in pp185 phosphorylation in muscle of fructose-fed rats compared to control (Figure 2d ).
The insulin resistance described in an animal model involving a high-fructose diet is associated with glucose intolerance, increased serum triacylglycerol and insulin concentration and decreased insulin sensitivity (7-9,11). Our results showed a moderate insulin resistance state in the fructosefed animals, demonstrated by a decreased glucose disappearance rate after insulin infusion, and an increase in plasma triacylglycerol concentration. The discrepancies in the degree of insulin resistance and in the metabolic parameters (plasma glucose and serum insulin levels) of our study compared to previous reports may be related to the duration of fructose feeding and to the lipid content and type of the diets (7, 8) .
Despite the normal number of insulin receptors in the liver and muscle of fructosefed rats, there was a reduction in insulin receptor autophosphorylation in the liver after insulin stimulation in vivo. The reduction observed in our study may be of biological significance, since a decrease in receptor phosphorylation has been correlated with insulin resistance in different animal models (14, 15) . The results of the present study demonstrated that there is a significant decrease in the level of hepatic and muscle pp185 (IRS-1/IRS-2) tyrosine phosphorylation. A decreased insulin ability to suppress hepatic glucose production has been implicated as one of the elements of insulin resistance in this model (7, 8) . The IRS-1 or IRS-2/PI 3-kinase association induced by insulin is necessary and in some cases sufficient to elicit many of the insulin effects on glucose metabolism in liver and muscle (16) . The PEPCK is a regulatory enzyme for gluconeogenesis. Recent reports demonstrated that inhibitors of PI 3-kinase are able to block the effects of insulin on PEPCK gene transcription in liver cells (5), suggesting that the control of insulin over PEPCK is mediated by pp185 phosphorylation (IRS-1/IRS-2) and PI 3-kinase. There is a previous study demonstrating that PEPCK activity is increased in a high fructose-fed animal model (11) . Taking these previous studies together with our results, we may speculate that the reduction in pp185 phosphorylation can induce changes in IRS-1 and IRS-2/PI 3-kinase association/activation in the liver of fructosefed rats, and this effect may have a role in the insulin resistance of this animal model. Parallel to the reduced tyrosine phosphorylation level in the muscle of fructose-fed rats, pp185 showed a decreased electrophoretic mobility in SDS-PAGE. This reduced tyrosine phosphorylation may be due to the activation of tyrosine phosphatase(s) and/or to serine/threonine phosphorylation. IRS-1 and IRS-2 contain many potential serine/ threonine phosphorylation sites in motifs recognized by various kinases such as protein kinase C (PKC), and mitogen-activated protein kinases (3, 17) . Serine phosphorylation may play a role in the regulation of IRS-1 and IRS-2 signaling. It is known that increased phosphorylation of the insulin receptor and IRS-1 in serine and threonine residues reduces insulin-mediated receptor phosphorylation in tyrosine, and inhibits the insulin-dependent tyrosine kinase activity of the receptor (18) . The enhanced synthesis of triacylglycerol observed in the high-fructose diet model is associated with the increase of 1,2-sn-diacylglycerol and the increased expression of one PKC isoenzyme in these rats (19) . Thus, it is possible that an increase in PKC activity, probably by increasing serine phosphorylation of insulin receptors and pp185, may play a role in the alteration in tyrosine phosphorylation level of pp185 (IRS-1/IRS-2) observed in this study. In agreement with this hypothesis, there was a decrease in electrophoretic mobility of pp185 in muscle, probably related to an increase in serine/threonine phosphorylation of this band, as previously described (20) .
In muscle, pp185 tyrosine phosphorylation and PI 3-kinase activation are essential steps in insulin-induced glucose transport (1) . The decrease in insulin-induced pp185 tyrosine phosphorylation in muscle from fructose-fed rats observed by us may also contribute to the insulin resistance of this animal.
This study has shown that a reduction in the phosphorylation of pp185 (IRS-1/IRS-2) in the liver and muscle of fructose-fed rats may contribute to explaining some aspects of insulin resistance in this animal model.
